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muscle weakness; inhibition; twitch interpolation; central activation; rehabilitation ANTERIOR CRUCIATE LIGAMENT (ACL) injury is one of the most common serious sports injuries, occurring in about 100,000 individuals each year in the United States (20) . A large proportion of individuals with ACL injury must undergo surgical reconstruction of their torn ACL to successfully return to sports. Quadriceps weakness is commonly observed after ACL injury and surgery, and persists even years after ACL reconstruction (52, 53) . Regaining quadriceps strength after ACL reconstruction is important because a growing body of evidence indicates that quadriceps weakness is strongly associated with functional limitations and poor knee function after ACL reconstruction (21) . Recent evidence also indicates that quadriceps weakness is associated with potentially dangerous biomechanics (11, 49) , which has been theorized to contribute to early posttraumatic knee osteoarthritis (39, 52) .
A clear understanding of the mechanisms that contribute to quadriceps weakness is critical for optimizing rehabilitation interventions after ACL injury and reconstruction. Existing evidence from people with acute ACL injury indicates that both quadriceps atrophy (i.e., reduction in muscle size) and activation failure (i.e., inability to drive the quadriceps muscle maximally during a contraction) contribute to quadriceps weakness (55) . However, the factors contributing to chronic quadriceps weakness after ACL reconstruction remain elusive, particularly due to the limited research on this topic. Some scientists have implicated quadriceps activation failure as the primary cause of persistent quadriceps weakness (17, 24, 39) , whereas others have attributed weakness to quadriceps atrophy (4, 29) . The confluence of evidence suggests that both atrophy and activation failure contribute to quadriceps weakness immediately after surgery, but voluntary activation level recovers about 2 yr after surgery (24, 29, 38) . A recent study that performed a detailed neuromuscular evaluation in individuals with chronic ACL reconstruction (2-15 yr after surgery) indicated that quadriceps weakness was primarily due to the peripheral changes and not to levels of voluntary activation or antagonistic muscle activity at 90°of knee flexion (29) . Specifically, these authors reported that the magnitude of electrically evoked torque at rest, which is a surrogate measure of peripheral morphological/contractile status of the muscle (i.e., intrinsic muscle strength), was significantly lower in reconstructed legs and correlated strongly with quadriceps weakness after ACL reconstruction. However, they reported that voluntary activation levels were similar between sides and did not contribute to quadriceps weakness.
It is to be noted that quadriceps strength and activation in these studies are typically tested at longer muscle lengths (i.e., 90°of knee flexion) due to the inherent safety and biomechanical advantage of the quadriceps muscles at these positions (16, 23) . However, subjects rarely load their quadriceps muscles in these knee positions during functional activities such as walking, running, or jumping. For example, the quadriceps muscles are maximally loaded between 20°to 50°of knee flexion during walking, stair climbing, and running (12, 45, 54) . As a result, it is not clear whether strength and activation deficits are more profound at shorter muscle lengths, which are often used during activities of daily living. Recent evidence from individuals with ACL injury suggests that potential noncopers (i.e., people who cannot cope after an ACL injury without surgery) exhibit larger quadriceps strength deficit at knee angles Յ40° ( 13) . There is also evidence from healthy individuals that quadriceps activation in general is lower at shorter muscle lengths compared with longer muscle lengths (7), perhaps due to reduced input from Ia afferents, or to increased strain on the ACL at extended knee positions, or both (7, 9, 16) . Taken together, this evidence suggests that it is likely that individuals with ACL reconstruction would have greater deficits in strength and activation at shorter muscle lengths than at longer muscle lengths. However, this premise has not been experimentally verified. Therefore, the primary purpose of this study was to examine the effect of knee joint angle on quadriceps muscle strength and activation in individuals with ACL reconstruction. We hypothesized that the leg with ACL reconstruction would exhibit significantly greater deficits in knee extensor strength and activation at 45°than at 90°of knee flexion. We also evaluated whether or not the association between quadriceps weakness and functional performance (as measured by the single-leg hop for distance test) was significantly affected by the angle at which the strength testing was performed. We hypothesized that the relationship between knee strength and hop performance would be stronger at 45°than at 90°of knee flexion.
MATERIALS AND METHODS
Subjects. Eleven active adults (Tegner Activity Score Ն4) with a unilateral ACL reconstruction volunteered to participate in this study. Subjects ranged in age from 19 to 47 yr. Subjects were excluded if they had surgery Ͻ6 mo previously, more than one ACL reconstruction, any additional significant knee injury or surgery, significant anterior knee pain, a history of contralateral knee injury or surgery, a recent history of lower quarter fracture or nerve injury, radiculopathy or spinal instability, uncontrolled diabetes or hypertension, or were deemed to be medically unstable. All subjects completed physical therapy regimens ranging from 3 to 6 mo after ACL reconstruction. Before participation, subjects signed a written informed consent document that was approved by the University of Michigan Human Subjects Institutional Review Board. Subjects were then briefly evaluated to rule out any conditions that would prevent them from participating in the study. After completing the physical evaluation, subjects completed the Knee Injury and Osteoarthritis Outcomes Survey (KOOS), the Lysholm Knee Questionnaire, and the Shelbourne and Trumper Anterior Knee Pain Questionnaire.
Testing procedures. Subjects were instructed to refrain from participating in any strenuous activity for 24 h before testing. The testing procedure was initiated with a 5-min warmup on a static bicycle ergometer (Keiser, Fresno, CA). The warmup was followed by a functional performance evaluation using the single-leg hop for distance test and isometric knee strength and activation testing using an interpolated triplet technique (29, 33, 35) .
Single-leg hop for distance test. The single-leg hop for distance test was evaluated using a marker-based kinematic tracking approach (46) . Before testing, retroreflective markers were placed over the hip, knee, and the ankle joint. The ankle marker positions in pixel coordinates were converted to actual distance coordinates using a calibration scale and were tracked via a high-definition motion-capture camera device using the Myovideo motion tracking software (Noraxon, Scottsdale, AZ). Subjects performed the test with their hands on their hips with instructions to hop as far as possible on the leg to be tested while landing on the same leg (34) . To be considered a valid trial, the landing had to be on one leg, and under the subject's complete control. If the subject landed with an early touchdown of the contralateral leg, had a loss of balance, lifted the hands from their hips, or had additional hops after landing, the trial was repeated. Testing was performed first with the nonreconstructed leg, followed by the reconstructed leg. Three practice trials and five test trials were performed on each leg. The average of the five test trials was used to compute the side-to-side hop distance ratio (i.e., limb symmetry index) in which the average reconstructed leg hop distances were expressed as a percentage of average nonreconstructed leg hop distances (36 Knee strength and activation testing. Knee extensor strength and voluntary quadriceps muscle activation were evaluated using the interpolated triplet technique (Fig. 1) . In this technique, an electrical stimulus is delivered during a maximal voluntary isometric contraction (MVIC) with the goal of activating motor units that are inactive or firing submaximally (47) . When incomplete activation is present, the superimposed electrical stimulus augments the force/torque generated by the muscle during the contraction [(a Ϫ b) in the equation in Fig. 1 ]. Conversely, when there is complete activation, there is no increase in force/torque when the electrical stimulus is introduced. The torque increment associated with the electrical stimulus during contraction (i.e., evoked torque during contraction) is then compared with the torque generated by an identical electrical stimulus delivered when the muscle is at rest (i.e., evoked torque at rest) to quantify voluntary activation. The magnitude of electrically evoked torque at rest (c in the equation in Fig. 1 ) can also provide information on the peripheral musculotendious adaptations (i.e., morphological and physiological changes) (18, 29, 44) .
Knee strength and activation testing was performed bilaterally on a Biodex Isokinetic Dynamometer (System 4 Pro; Biodex Medical Systems, Shirley, NY) at 45°and 90°of knee flexion. The nonreconstructed leg was tested first followed by the reconstructed leg, and the starting angle for testing was randomized such that approximately one-half of the subjects began testing at 90°of knee flexion and the other half began at 45°of knee flexion. Each subject was seated on the testing system's chair with hip at ϳ90°of flexion, and tightly secured to it with thigh, hip, and torso straps. The chair was then adjusted to align the subject's lateral femoral epicondyle with the axis of rotation of the Biodex torque arm. The subject's distal shank was then firmly strapped to the Biodex torque arm pad. Before testing, the skin of the anterior thigh was cleansed with alcohol swabs and two self-adhesive electrodes (2.75 ϫ 5.0 inches, Dura-Stick II; Chatanooga Group, Hixon, TN) were placed over the proximal and distal quadriceps muscles (28) . To standardize test positions during testing, subjects were instructed to cross their hands across the chest and hold onto the chest straps during maximal contractions (42) . The weight of the limb on the torque arm due to gravity was corrected before testing using a custom program written in LabView (v2011; National Instruments, Austin, TX).
Three submaximal practice trials at 50 to 75% of each subject's perceived maximum effort were performed to warm up and familiarize subjects with the testing procedures (4, 29) , following which subjects performed a practice isometric knee extension contraction at their maximal effort to potentiate the quadriceps muscles (6, 29) . Three mild electrical pulses were then delivered using a high-voltage, constant-current electrical stimulator (DS7AH; Digitimer, Hertfordshire, U.K.) to familiarize subjects with the electrical stimuli. Maximal current intensities were determined for each participant before testing by stimulating the quadriceps muscles at rest with pulse trains (three pulses, 100 Hz, 200-s pulse duration, 400 V) in sequential steps of 100 mA (beginning at 100 mA) until the electrically evoked torque from the stimulated muscle contractions no longer increased, but decreased (29) . The current was then reduced by 50 mA, and a final stimulus was provided. The current intensity that produced the maximal triplet-evoked torque at rest was used for testing. The magnitude of this evoked torque at rest was used to quantify peripheral musculotendinous adaptations after ACL reconstruction (29) . The discomfort associated with the electrical stimulus delivered at rest was rated by subjects using an 11-point numeric rating scale (0 ϭ none, 10 ϭ worst imaginable).
Two minutes of rest was given before performing three test trials to evaluate maximal knee extensor strength and voluntary quadriceps muscle activation. During the test trials, the electrical stimulus at predetermined current intensity was superimposed on each subject's maximal effort to evaluate the level of voluntary drive to the quadriceps muscles (47, 51) . The electrical stimulator was triggered at a predicted near-maximal volitional torque level using an automated torque-based triggered approach because this approach is known to improve stimulus timing precision in activation tests (27, 29) . Loud verbal encouragement and visual feedback of a subject's torque curve were provided to facilitate maximal effort. Two minutes of rest was provided between each maximal contraction and the discomfort associated with the electrical stimulus superimposed during maximal contraction was rated by subjects using the same numeric rate scale mentioned above.
The torque signals from the Biodex dynamometer and the synchronization pulses from the electrical stimulator were analog-filtered at 100 Hz (SCXI-1143; National Instruments, Austin, TX) and sampled at 1,000 Hz using a desktop personal computer with an 18-bit high-accuracy M-series multifunction data acquisition module (USB 6281; National Instruments). The raw torque signals were converted to torque values (ft·lb) using equations obtained from a calibration cycle performed before testing. The trial that produced the highest voluntary torque during stimulation was used for further analysis. Voluntary activation was estimated using the following equation (35):
Statistical analyses. All statistical analyses were performed using SPSS for Windows version 22.0 (SPSS, Chicago, IL). Descriptive statistics were computed for each variable to summarize demographic, torque, and activation data. A two-factor repeated-measures ANOVA with angle (45°and 90°) and leg (reconstructed and nonreconstructed) as repeated measures was performed to evaluate the effect of knee joint angle and surgery on muscle strength, voluntary activation, and evoked torque at rest. Significant interaction effects were followed by post hoc analyses using paired t-tests. Paired t-tests were also used to compare the side-to-side peak torque, evoked torque at rest, and voluntary activation ratios obtained at 45°and 90°of knee flexion. Pearson's product moment correlation coefficient was used to evaluate the association between side-to-side knee extensor torque ratio and side-to-side hop distance ratio. A significance level of ␣ ϭ 0.05 was established for all statistical analyses. Estimates of effect size were reported using partial 2 . Tables 1 and 2 . The two-factor repeated-measures ANOVA revealed a significant main effect of leg on peak knee extensor torque measurements [F(1,10) ϭ 6.922, P ϭ 0.025, partial 2 ϭ 0.409, observed power ϭ 0.660, Fig. 2A ], indicating that subjects' reconstructed legs were significantly weaker compared with their nonreconstructed legs. However, there was neither a significant main effect of knee joint angle [F(1,10) ϭ 0.025, partial 2 ϭ 0.003, observed power ϭ 0.052, P ϭ 0.877] nor a leg-by-angle interaction effect [F(1,10) ϭ 0.017, partial 2 ϭ 0.002, observed power ϭ 0.052, P ϭ 0.898] on peak torque measurements.
RESULTS

Voluntary peak torque. Subject demographics and clinical characteristics are provided in
Voluntary activation. Repeated-measures ANOVA indicated a significant main effect of leg [F(1,10) ϭ 6.805, partial 2 ϭ 0.405, observed power ϭ 0.653, P ϭ 0.026] and of angle [F(1,10) ϭ 25.238, partial 2 ϭ 0.716, observed power ϭ 0.994, P ϭ 0.001] as well as a leg-by-angle interaction effect on voluntary activation measurements [F(1,10) ϭ 6.766, partial 2 ϭ 0.404, observed power ϭ 0.651, P ϭ 0.026, Fig. 2B ]. The significant leg-by-angle interaction was due to greater between-leg differences (nonreconstructed leg Ϫ reconstructed leg) in voluntary activation at 45°than at 90°of knee flexion (8.4 Ϯ 3.0% vs. 0.9 Ϯ 1.4%, P ϭ 0.03). Specifically, voluntary activation was similar between sides at 90°of knee flexion, but it was substantially lower on the reconstructed leg at 45°of knee flexion (Fig. 2B ). These differences were not due to differences in current intensities used or subject discomfort levels, because they were similar between sides and knee angles (Table 3) .
Electrically evoked torque at rest. There was no significant main effect of leg [F(1,10) ϭ 0.187, partial 2 ϭ 0.018, observed power ϭ 0.068, P ϭ 0.674] or of angle [F(1,10) ϭ 0.621, partial 2 ϭ 0.058, observed power ϭ 0.110, P ϭ 0.449] on evoked torque at rest. However, there was a significant leg-by-angle interaction effect on evoked torque at rest [F(1,10) ϭ 8.881, partial 2 ϭ 0.470, observed power ϭ 0.766, P ϭ 0.014, Fig. 2C ]. The leg-by-angle interaction effect for evoked torque measurements at rest was due to the observation of greater between-leg differences (nonreconstructed leg Ϫ reconstructed leg) in evoked torque values at 90°than at 45°of knee flexion (2.5 Ϯ 1.6 ft·lb vs. Ϫ1.5 Ϯ 1.2 ft·lb, P ϭ 0.01). Specifically, evoked torque at rest was lower in the reconstructed leg at 90°of knee flexion, but was higher in the reconstructed leg at 45°of knee flexion (Fig. 2C) .
Side-to-side ratios. Paired t-tests revealed significant differences between side-to-side evoked torque at rest ratio and side-to-side voluntary activation ratio observed at 45°and 90°o f knee flexion [t(10) ϭ 2.968, P ϭ 0.014 and t(10) ϭ Ϫ2.520, P ϭ 0.030, Fig. 3 ]. However, there were no differences between side-to-side voluntary peak torque ratios (i.e., quadriceps weakness) observed at 45°and 90°of knee flexion [86.8 Ϯ 3.2% vs. 87.7 Ϯ 4.8%; t(10) ϭ Ϫ0.251, P ϭ 0.807]. Pearson's correlation tests indicated significant associations between side-to-side peak torque ratios and side-to-side hop distance ratios at both angles (P Ͻ 0.05), but the association was stronger at 45°of knee flexion (r ϭ 0.73 vs. r ϭ 0.88, Fig. 4) .
DISCUSSION
In the current study, the effect of knee joint angle on quadriceps strength and activation was evaluated in individuals with ACL reconstruction. Contrary to our hypothesis, we found that the magnitude of strength deficits were similar between 45°and 90°of knee flexion. However, as hypothesized, the between-leg differences in voluntary activation varied depending on the knee joint angle used for testing. Specifically, voluntary activation of the reconstructed leg was lower than that of the nonreconstructed leg at 45°, but not at 90°of knee flexion. In general, the reduction in voluntary activation due to changes in knee joint angle was more pronounced on the 1  93  70  86  100  94  100  81  2  8 9  7 9  8 1  7 5  8 4  5 5  6 9  3  95  95  97  100  100  100  88  4  100  95  100  93  99  100  94  5  100  100  100  100  100  100  100  6  100  100  100  100  100  100  100  7  90  100  97  93  100  95  88  8  95  100  97  86  99  80  81  9  90  90  97  93  100  95 reconstructed leg compared with the nonreconstructed leg. This finding was consistent in the sample studied; only one subject had an activation profile that deviated from this pattern. Another interesting finding was that the between-leg differences in evoked torque at rest, which is a measure of peripheral muscular changes (i.e., mechanical contractile status), was significantly greater at 90°than at 45°of knee flexion. Collectively, these findings suggest that the extent to which peripheral and central factors contributed to the observed muscle weakness varied depending on the angle at which testing was performed. Specifically, quadriceps weakness appeared to be primarily mediated by peripheral changes in the quadriceps muscle at 90°of knee flexion, whereas weakness appeared to be more related to the levels of voluntary activation at 45°of knee flexion. Finally, there was a significant association between quadriceps strength and single-leg hop performance, and this relationship was stronger at 45°than at 90°of knee flexion, indicating the functional relevance of strength measurements performed at more extended knee angles.
Quadriceps weakness is ubiquitous after ACL injury, and reconstruction and has been linked to the pathogenesis of osteoarthritis (39, 52) . Despite substantial rehabilitation efforts, quadriceps weakness is known to persist for years after surgery (40) . Similar to other studies, we found about 12-13% strength deficit on the reconstructed leg compared with the nonreconstructed leg (10, 52) . However, contrary to our expectation, the magnitude of the observed quadriceps weakness was not significantly different between 90°and 45°of knee flexion. It is important to note, though, that the betweensubjects variability in side-to-side peak torque ratios was lower at 45°than 90°of knee flexion (10% vs. 16%), indicating that the sensitivity/power to detect strength deficits would be greater at shorter muscle lengths than at longer muscle lengths. Moreover, some of the subjects who appeared to be stronger on their involved legs at 90°of knee flexion were indeed weaker on their involved legs at 45°of knee flexion. Furthermore, as mentioned earlier, the association between quadriceps weakness and single-leg hop performance was stronger at 45°than at 90°of knee flexion. These findings indicate that although either of these angles can be used to adequately capture strength deficits after ACL reconstruction, the measurement of quadriceps strength at shorter muscle lengths appears to be clinically more meaningful.
The contribution of voluntary muscle activation deficits to chronic quadriceps weakness is a highly debated topic and remains elusive (17, 25, 29, 39) . Although some scientists have implicated quadriceps activation failure as the primary source of lingering quadriceps weakness after ACL reconstruction, others have attributed weakness to quadriceps atrophy that develops rapidly after the injury/surgery. Unfortunately, not many studies have evaluated the mechanisms of quadriceps muscle weakness in individuals with chronic ACL reconstruction. The results of a recent study that performed a detailed neuromuscular evaluation in individuals with chronic ACL reconstruction indicated that quadriceps weakness was primarily due to the peripheral changes and not due to levels of voluntary activation (29) . However, their conclusions were based on testing at 90°of knee flexion, which may be an optimal position for evaluating strength deficits, but may not be ideal for quantifying activation deficits because the magnitude of these deficits vary as a function of knee angle and are maximal at shorter muscle lengths (7) . As a result, it may not be possible to generalize the findings observed at 90°of knee flexion to other joint angles. This study fills this important gap and provides further insights into the mechanisms mediating chronic quadriceps weakness. Specifically, our findings provide novel and important evidence indicating that quadriceps activation failure is much more evident at shorter muscle lengths than at longer muscle lengths and contributes to strength deficits at 45°of knee flexion. This finding has important clinical and research implications. For example, rehabilitation programs after ACL injury and surgery should focus more on strategies that mitigate neural activation deficits (e.g., eccentric training, electrical stimulation, etc.) particularly at shorter muscle lengths. From a research point of view, evaluating quadriceps activation deficit at shorter muscle lengths (Ͻ45°of knee flexion) in addition to the conventional way of measuring it at longer muscle lengths (60°or 90°of All values are in mA. *On a scale of 0 ϭ none to 10 ϭ worst imaginable. Fig. 3 . Bar graphs representing the mean side-to-side ratio (reconstructed/ nonreconstructed leg ϫ 100) of voluntary quadriceps muscle activation and electrically evoked torque at rest at 90°and 45°of knee flexion in our sample.
Error bars indicate standard error of the mean. *Significant differences at P Ͻ 0.05. knee flexion) is critical to adequately capture the effects of an injury or an intervention on quadriceps dysfunction. The results of the study suggest that factors contributing to chronic quadriceps weakness may differ on the basis of the angle at which the testing is performed. Although evoked torque at rest was lower on the reconstructed legs, there were no differences in voluntary quadriceps muscle activation between legs at 90°of knee flexion. This suggests that chronic quadriceps weakness is related to peripheral changes in the quadriceps muscle and not to levels of voluntary activation at longer muscle lengths, which is consistent with the results of our previous study (29) . However, voluntary quadriceps activation was profoundly affected on the reconstructed legs at 45°o f knee flexion, which suggests that activation deficits may be the primary contributing factor for the observed quadriceps weakness at shorter muscle lengths.
The precise mechanisms for selective inhibition of the quadriceps muscles at shorter muscle lengths are unclear. However, the observed activation deficits at 45°of knee flexion suggest a reduction in Ia afferent input to the ␣-motor neuron pool of the quadriceps muscles, which may be mediated by a decrease in ␥-efferent activity after ACL injury (7, 14) . This is less of a problem at 90°of knee flexion because Ia afferents are already at heightened activity due to the elongated position of the muscles and require less input from ␥-motor neurons (19, 26) . Reduced activation at 45°of knee flexion could also be due to a maladaptive protective mechanism initiated early after the injury to minimize anterior shear forces induced by the quadriceps contractions at extended knee positions (16) . Alternatively, selective inhibition of the affected quadriceps muscle at shorter muscle lengths may be indicative of neural excitability alterations at the cortical or spinal level (i.e., a central phenomenon) (32, 40, 41) .
The peripheral muscular changes reflected by the evoked torque at rest at 90°of knee flexion may include chronic atrophy, changes in compliance of the series-elastic components of the muscle-tendon units, and alterations in the architectural structure and composition of the quadriceps muscle (2, 4, 55) . However, given the profound atrophy that rapidly follows ACL injury and reconstruction, the reduction in sideto-side evoked torque at rest at 90°of knee flexion is most likely indicative of chronic quadriceps atrophy. It is important to note, however, that many of the subjects had greater evoked torque at rest in the reconstructed leg than in their nonreconstructed leg at 45°of knee flexion and the side-to-side evoked torque at rest ratios were significantly greater at 45°than at 90°o f knee flexion. These findings suggest the possibility of angle-specific morphological adaptations similar to those observed after high-intensity resistance training (37) or a shift in torque-angle relation (i.e., shift of optimum length for peak tension) toward shorter muscle length, which would be advantageous to the quadriceps muscle to produce relatively greater torque (both electrically evoked and volitional) at extended knee positions. We note that although the precise mechanism for the observed differences in contractile property changes between knee angles is unclear, it does suggest that the alterations in contractile properties of the quadriceps muscle after an ACL injury/reconstruction appears to be more complex than previously thought.
The observed differences in contractile property changes between knee angles could also explain why knee extensor torque deficits were comparable between knee angles even though voluntary activation deficits were larger at 45°of knee flexion. The net volitional torque generated by a muscle is dependent on both central (voluntary activation) and peripheral (morphological/biomechanical) factors. Therefore, a reduction in force-generating capacity of the skeletal muscle would most likely happen only under the following circumstances: 1) if one or both factors were negatively affected (i.e., side-to-side ratios Ͻ100%) or 2) if the negatively affected factor was disproportionately larger compared with the other that was positively affected (i.e., side-to-side ratios Ͼ100%), a scenario that occurs when the direction of changes were different between the two factors. The results of our study show that the knee angle-mediated changes in peripheral contractile properties were in the opposite direction to voluntary activation changes, and the extent of those changes were relatively similar between the two factors (see Fig. 3 ). Thus any effect of reduced voluntary activation on quadriceps peak torque could have been nullified by the observed peripheral muscular changes, which could explain the observation of similar relative torque levels between knee angles despite lower activation at 45°of knee flexion. We recognize that the proposed explanation is simply speculation and that further research is required to fully understand the precise mechanisms underlying this observation.
The findings of this study have potential clinical implications. As stated above, we found that knee extensor weakness was similar between knee angles despite greater deficits in quadriceps voluntary activation at 45°of knee flexion. This Fig. 4 . Scatterplots demonstrating the relationship between side-to-side peak torque ratio and side-to-side hop distance ratio at 90°(A) and 45°(B) of knee flexion. Dashed lines indicate regression line. Note that the relationship between side-to-side peak torque ratio and side-to-side hop distance ratio was stronger at 45°of knee flexion, which was primarily due to the observation of lower variability between subjects in side-to-side peak torque ratios at 45°( SD ϭ 10%) than at 90°(SD ϭ 16%) of knee flexion.
suggest that either angle could be used for knee strength testing if a clinician or researcher is interested only in the magnitude of strength deficits after ACL injury or surgery. It is important to note that although the sensitivity of quadriceps strength testing appears to be slightly better at 45°of knee flexion, testing at 90°may still be preferable at times when excessive shear stress on the graft tissue is a concern (e.g., acutely after ACL reconstruction). On the contrary, if information about quadriceps activation failure is crucial, then testing at 45°of knee flexion is preferable because this angle appears to better capture activation deficits. In our opinion, if the time associated with strength and activation testing is not limited, testing at both shorter and longer muscle lengths would be ideal because it would provide a complete picture of a subject's neuromuscular profile. From a rehabilitation perspective, the presence of activation deficits at shorter muscle lengths even years after surgery suggests that great room exists to improve quadriceps strength at functional knee positions, and that clinicians should consider initiating aggressive treatment strategies early on to minimize chronic activation failure after ACL surgery. This is particularly important considering that quadriceps weakness and activation deficits have been theorized in the pathogenesis of posttraumatic osteoarthritis (39, 40, 52) .
There are some limitations to this study. First and foremost, the small sample size of this study is a clear limitation; however, the observed results were robust and consistent among subjects irrespective of the chronicity of the ACL surgery, the presence or absence of concomitant meniscal injury, and the graft type. Second, the lack of a control group limited our ability to identify whether voluntary activation deficits observed on the nonreconstructed leg at 45°of knee flexion is normal or pathological. However, when comparing the results with those of previous publications (5, 7, 31) , it is clear that the extent of activation failure observed on the nonreconstructed leg in our sample is comparable to those reported in a population of healthy, uninjured individuals, indicating that bilateral activation deficits that are typically observed early after injury and surgery recover over time. Third, the order in which the testing was performed could have affected the results. We tested the reconstructed leg after testing the nonreconstructed leg because this is a common practice in ACL research (13, 48, 52) . It is possible that subjects could have developed some amount of central fatigue in the reconstructed leg because it was always preceded by maximal contractions of the nonconstructed leg. However, if that is the case, then the likelihood of this observation should in theory remain the same between 90°and 45°of knee flexion because we randomized the order of starting angle for testing. Hence, any differences observed between knee positions are less likely due to the order of testing. Finally, the number of maximal voluntary isometric contractions (MVICs) performed may not have been sufficient to capture the peak voluntary torque. The number of MVICs on each leg was limited to three per angle because we wanted to minimize fatigue and discomfort associated with electrical stimulus. Although it is typical that most studies restrict the number of MVICs to three trials, it is not clear whether provision of additional trials would have improved the level of voluntary activation on the reconstructed legs. In our opinion, this is unlikely because the peak torque analysis indicated that the between-trial variability was small and peak torque values reached a plateau between the second and third trials.
Although the techniques used for quantifying voluntary activation and peripheral contractile properties are well established in the literature, the choice of electrical stimulation duration and technique used for quantifying voluntary activation are also worth discussing. We chose to use a shortduration electrical stimulation (30 ms) as opposed to longduration electrical stimulation (100 or 500 ms) for several reasons. Although some scientists favor the use of longduration electric stimulation because the evoked force increments are larger and more readily detected (1, 22) , many studies have shown that the number of electrical stimuli (i.e., the duration of electrical stimulation) has a negligible effect on the estimates of voluntary activation (3, 5, 8, 47) . This is because a very strong linear association exists between torques obtained from the short-and long-duration pulse trains (Fig.  5A ) and therefore, a shorter-duration train will have the same effect on the superimposed and resting torque. Because the superimposed torque is normalized to the resting torque during the % of activation calculation, any effects of stimulus duration on absolute torque is nullified when calculating voluntary muscle activation. It is to be noted that we compared only the responses to opposite side or between knee angles, and the evoked twitches were normalized to the resting twitches evoked with the same stimulus parameters. Therefore, our results would not have been any different if we had used a longer train. Moreover, short-duration electrical stimulation is more comfortable and tolerable to subjects compared with long-duration electrical stimulation. For example, a recent study by Grindstaff and Threlkeld (15) indicates that the discomfort associated with a doublet (two-pulse train) is 50% lower than a 10-pulse train of electrical stimuli. Furthermore, the use of long-duration electrical stimulation could potentially raise a safety concern for individuals with ACL reconstruction because prior studies have reported cases of patella fracture or ACL rupture with high-intensity electrical stimulation/exercise contractions (43, 50) . Finally, the use of long-duration currents could potentially yield less valid results due to contamination of electrically evoked torque (both at rest and during contraction) by volitional and reflex responses. Because the length of the tetanic torque elicited by long-duration electric currents are much longer, there is more time for reflex and volitional responses to contaminate the torque signals during the rising phase of the evoked torque.
In our study, we used an interpolated twitch technique (ITT) that was originally proposed by Merton (35) , in which activation is quantified by scaling the superimposed torque increments during contraction to control responses evoked in relaxed muscles. Alternatively, some scientists have proposed the use of central activation ratio (CAR), in which activation is quantified by expressing MVIC torque as a percentage of total torque produced during the superimposed response (22) . The advantage of CAR technique is that it is more tolerable because the electrical stimulus is provided only during maximal contraction and not during rest (Table 3) . However, because of the lack of control twitches during rest, it becomes imperative to use long-duration electrical stimulation, which has potential problems as mentioned above. Furthermore, it is well known that the CAR technique overestimates activation failure compared with ITT (5, 15, 30, 47) because of the inherent false assumption that the combination of the superimposed train and the MVIC will evoke the muscle's true maximum force (30, 47) . However, we have previously shown that that there is a strong correlation between CAR-and ITT-based activation estimates (30) and therefore, using CAR would not have changed our conclusions. Indeed, when we reanalyzed the data using CAR, we found similar results [significant effect of angle (P ϭ 0.001), leg (P ϭ 0.012), and angle ϫ leg interaction (P ϭ 0.011); Fig. 5B ], suggesting that the choice of quantification technique did not affect our results.
In conclusion, the results of this study provide evidence for the first time that voluntary quadriceps activation in individuals with ACL reconstruction is selectively affected at 45°of knee flexion. This finding suggests that the observation of lack of voluntary activation deficits in many of the earlier studies might have been partially due to the use of longer muscle lengths (i.e., 60°to 90°of knee flexion) for testing quadriceps strength and activation. The results also suggest that the chronic strength deficits observed after ACL reconstruction were not angle-dependent; however, the factors explaining those strength deficits were angle-dependent. Finally, the association between quadriceps strength and single-leg hop performance was also stronger at 45°compared with 90°of knee flexion. These findings suggest that clinicians and researchers should consider testing quadriceps strength and activation at more than one knee angle (i.e., shorter and longer muscle lengths) to obtain a complete overview of an individual's neuromuscular profile and also to fully characterize the potential benefits of an intervention targeted to address strength and activation deficits after ACL injury or surgery.
